Introduction
============

Pulmonary dysfunction caused by ischemia--reperfusion injury is the leading cause of mortality in lung transplantation, and it is also one of the major complications of perioperative events such as shock, trauma and cardiopulmonary bypass. The lung injury after ischemia--reperfusion mainly manifests as increased permeability of lung tissue and increased lung water and protein content. Alveolar--capillary barrier dysfunction is the main cause of lung ischemia--reperfusion injury. The integrity of lung capillary endothelial cells and alveolar epithelial cells is critical to maintain the function of the respiratory barrier,^[@bib1]^ which is a semipermeable membrane between capillary, pulmonary interstitial tissue and alveolar space. Alveolar--capillary barrier dysfunction allows a variety of liquids and macromolecules to penetrate into the lung interstitial tissue and alveoli.

Sevoflurane is an inhaled anesthetic commonly used clinically. It has a low blood/gas partition coefficient and the advantages of anesthesia induction, quick recovery and hemodynamic stability. Sevoflurane has anti-inflammatory properties, and pretreatment with sevoflurane can protect lung tissue from ischemia--reperfusion injury,^[@bib2],\ [@bib3]^ but the mechanism of its protective effect on reperfusion injury is not fully understood.

Tight junctions are a type of cellular connection located at the top of pulmonary capillary endothelial cells and epithelial cells. They are gateways that prevent solute diffusion through intercellular spaces, and their integrity is important to maintain pulmonary vascular permeability.^[@bib4]^ Tight junctions are composed of a variety of transmembrane proteins and several peripheral membrane proteins that are closely linked to the cytoskeleton.^[@bib5]^ Among them, the most important are occludin and zona occludens 1 (ZO-1). ZO-1 is the bridge connecting occludin and the cytoskeleton. Changes in occludin and ZO-1 expression are closely related to pulmonary tissue permeability.

Protein kinase C (PKC) activation is the main cause leading to increased microvascular permeability and lung injury.^[@bib6],\ [@bib7]^ The subtype of PKC-α is mainly expressed in vascular endothelial cells. Increased vascular permeability in ischemia--reperfusion or inflammation is closely related to PKC-α activation.^[@bib8],\ [@bib9]^ Under no stimulation, PKC-α is inactive in the cytoplasm and its content is very low. Under stimulation, PKC-α translocates from the cytoplasm to the cell membrane and cytoskeleton. This shift is an important sign of PKC-α activation. It is not yet known whether the PKC-α shift and activation are involved in the lung tissue permeability decline after sevoflurane pretreatment in a lung ischemia--reperfusion model.

The purpose of this study is to investigate whether sevoflurane pretreatment can reduce pulmonary tissue permeability after ischemia--reperfusion and to determine the mechanism by which sevoflurane affects tight junctions and PKC-α.

Materials and methods
=====================

Animal models
-------------

Ninety-six male Wistar rats, weighing 250--350 g (China Medical University Experimental Animal Center), were placed in a relatively clean environment (22 °C, 55% humidity, circadian rhythm), housed separately, and fed a standard diet with water *ad libitum*. All animal experiments met the requirements of the Federation of European Laboratory Animal Associations.

A lung ischemia--reperfusion injury model was established based on the modified Eppinger method.^[@bib10]^ After anesthesia, the animals were placed at supine position, the right femoral vein was separated, and a continuous infusion of 0.9% sodium chloride was set up. A middle-neck incision was made, and the trachea and left carotid artery were freed from surrounding tissues. Tracheotomy, endotracheal intubation and carotid artery intubation were performed, and then the animals were connected to ventilator (Teli Anesthesia and Respiration Equipment Co., Jiangxi, China) for mechanical ventilation (FiO~2~=100%, Vt=10--15 ml kg^−1^, *f*=70--90 times per min). Using a gas analyzer (Datex-Ohmeda Co., Helsinki, Finland), breathing parameters were adjusted to maintain PaCO~2~ at 35--45 mm Hg (1 kP=7.5 mm Hg). The left carotid artery was connected to an arterial transducer to continuously monitor arterial blood pressure and collect blood samples, and vecuronium was continuously infused at 0.6 mg kg ^−1^ h^−1^ to maintain anesthesia. In the sevoflurane groups, sevoflurane (batch number: 44744950, Baxter, Berkshire, UK) was inhaled at 1 minimum alveolar concentration (2.2%) as adjusted by a gas monitor. Thirty minutes after mechanical ventilation, the rats were put in the supine position, the chest was opened through the left fifth intercostal space, the left pulmonary ligament was transected, and the left hilum was freed. Five minutes after intravenously injecting 50 U heparin, the left hilum (including the left bronchus and the left pulmonary artery and vein) was occluded with a noninvasive vascular clip for 45 min and then released to form reperfusion. The animals were euthanized at the different time points and specimens were collected.

Experimental groups and treatment
---------------------------------

The Wistar rats were randomly divided into four groups with 24 animals in each group. In the control group (group C), the chest was opened, and the left hilum was freed but not occluded. In the ischemia--reperfusion group (group IR), the left hilum was occluded for 45 min and then released to form perfusion. In the sevoflurane group (group sev), the animals were put on sevoflurane for 30 min, and the left hilum was freed but not occluded. In the sevoflurane/ischemia--reperfusion group (group sev--IR), the animals were put on sevoflurane for 30 min, and then the left hilum was occluded for 45 min and then released to form perfusion. In each group, there were three time points: ischemic occlusion for 45 min, reperfusion for 60 min and reperfusion for 120 min. At each time point there were six rats. There were six extra rats at the 120 min time point for collecting bronchoalveolar lavage fluid (BALF). At each time point, MAP was recorded and blood samples were collected for measuring PaO~2~.

Detection of pulmonary vascular permeability
--------------------------------------------

After its wet weight (*W*) was recorded, 100 mg of lung tissue was dried in an oven at 60 °C for 48 h to reach a constant weight, which is called the dry weight (*D*). The ratio of *W*/*D* (*W*/*D*=*W*/*D* × 100%) was calculated. The Bradford method was used to measure the total serum protein content and BALF protein content. Lung permeability index was calculated (lung permeability index (%)=BALF protein/serum protein × 100).

Detection of occludin and ZO-1
------------------------------

One hundred milligrams of frozen lung tissue was homogenized in buffer A (0.32 M sucrose, 5 m[M]{.smallcaps} Tris--HCl pH 7.5, 120 m[M]{.smallcaps} KCl, 1 m[M]{.smallcaps} EDTA, 0.2 m[M]{.smallcaps} phenylmethylsulfonylfluoride, 1 μg ml^−1^ leupeptin, 1 μg ml^−1^ pepstatin and 1 μg ml^−1^ aprotinin) and spun at 4 °C, 12 890 *g* for 10 min. The supernatant was collected, consisting of the cytoplasmic protein. The precipitate was incubated in buffer B (20 m[M]{.smallcaps} HEPES (pH 7.5), 10% glycerol, 2% Triton X-100, 1 m[M]{.smallcaps} EDTA, 0.2 m[M]{.smallcaps} PMSF, 1 μg ml^−1^ leupeptin, 1 μg ml^−1^ pepstatin and 1 μg ml^−1^ aprotinin) at 4 °C overnight and spun at 12 890 *g* for 10 min. The supernatant was collected, consisting of the membrane proteins. The protein concentrations were measured by the Bradford method. Western blotting was performed to detect occludin and ZO-1. The primary antibodies (goat anti-mouse ZO-1 polyclonal antibody and goat anti-mouse occludin polyclonal antibody, both 1:200) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The secondary antibody (horse anti-goat horseradish peroxidase-conjugated polyclonal antibody, 1:2000) was purchased from Zhongshan Biotechnology Inc. (Beijing, China). The data were analyzed with a gel image analysis system, and the relative level of protein expression was calculated as the percentage of optical density in each experimental group to the optical density in group C.

Determination of occludin and ZO-1 mRNA expression
--------------------------------------------------

Total RNA was extracted using TRIzol reagent from 100 mg lung tissue, and the total RNA concentration was measured using a NanoVue (GE Healthcare, Piscataway, NJ, USA). One microgram of total RNA was used for reverse transcription. Subsequently, fluorescent quantitative PCR was implemented with the parameters 94 °C for 30 s, 35 cycles of 55 °C for 30 s and 72 °C for 45 s, and elongation at 72 °C for 7 min. A gel image analysis system was used to measure the relative levels of occludin and ZO-1 using β-actin as the internal control.

Immunohistochemical detection of occludin and ZO-1
--------------------------------------------------

The samples were deparaffinized in xylene and dehydrated in a gradient of ethanol dilutions. A proteolytic enzyme solution was used for antigen retrieval. The occludin and ZO-1 antibodies were the same as above. The semiquantitative analysis of occludin and ZO-1 was performed using a computer image analysis system.

PKC-α expression in the cell membrane and cytoplasm
---------------------------------------------------

The preparation of cytoplasmic and membrane proteins was the same as above. The protein concentration was measured using the Bradford method. Western blotting was performed to detect occludin and ZO-1. Rabbit anti-mouse PKC-α antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) (1:200) and the secondary goat--anti-rabbit antibody was purchased from Zhongshan Biotechnology Inc (Beijing, China) (1:2000). The data were analyzed with a gel image analysis system. The relative level of PKC-α protein was calculated as the percentage of optical density in each experimental group to optical density in group C.

Statistical analysis
--------------------

All data were analyzed using SPSS 11.5 software (SPSS Inc., Chicago, IL, USA) and are presented as the mean±standard deviation (*x*±*s*). The comparison between groups was analyzed using analysis of variance, and paired comparisons were analyzed using the Student--Newman--Keuls test. *P*\<0.05 was considered statistically significant.

Results
=======

Sevoflurane pretreatment reduces lung permeability
--------------------------------------------------

Compared with those in group C and group sev, the W/D ratio and lung permeability index at reperfusion 60 and 120 min significantly increased in group IR and group sev--IR (*P*\<0.05), indicating that reperfusion led to increased wet weight and lung permeability. At the same time points, the W/D ratio and lung permeability index were significantly lower in the sev--IR group than in the IR group (*P*\<0.05), indicating that sevoflurane may have a protective effect on ischemia--reperfusion injury ([Figure 1](#fig1){ref-type="fig"}).

Sevoflurane pretreatment increases occludin and ZO-1 mRNA and protein expression after ischemia--reperfusion
------------------------------------------------------------------------------------------------------------

Both RT-PCR and western blotting were used to examine the effect of sevoflurane pretreatment on occludin and ZO-1 expression. As shown in [Figure 2](#fig2){ref-type="fig"}, compared with group C and group sev-C, occludin and ZO-1 mRNAs were significantly decreased in group IR and group sev--IR (*P*\<0.05), and occludin and ZO-1 mRNAs at the 120-min reperfusion were significantly lower than those at the 60-min reperfusion (*P*\<0.05), indicating that sevoflurane pretreatment significantly increased occludin and ZO-1 mRNA expression. Similarly, in the IR group, occludin and ZO-1 protein were significantly decreased after reperfusion (*P*\<0.05). At 120 min, occludin and ZO-1 protein were lower than those after reperfusion for 60 min (*P*\<0.05), indicating that long-term reperfusion may decrease occludin and ZO-1 protein expression ([Figure 3](#fig3){ref-type="fig"}). Compared with the IR group, occludin and ZO-1 were increased in the sev-IR group at both 60 and 120 min (*P*\<0.05; [Figure 3](#fig3){ref-type="fig"}), indicating that sevoflurane may have a protective effect on ischemia--reperfusion injury.

Immunohistochemistry was used to confirm the localization of occludin and ZO-1, and further quantify their expression. As shown in [Figure 4](#fig4){ref-type="fig"}, occludin and ZO-1 were mainly detected in cytoplasmic membranes and peripheral cytoplasm in alveolar epithelial and endothelial cells, and the staining was stronger at the junction of adjacent cells. In the IR group, occludin and ZO-1 were significantly decreased (*P*\<0.05), and at the 120-min reperfusion, occludin and ZO-1 expression were significantly lower than at 60 min (*P*\<0.05). Sevoflurane pretreatment significantly increased occludin and ZO-1 protein in lung tissue after reperfusion (*P*\<0.05). The average optical density is shown in [Figures 4c and d](#fig4){ref-type="fig"}.

Sevoflurane inhibits PKC-α translocation after reperfusion
----------------------------------------------------------

In both group IR and group sev--IR, cytoplasmic PKC-α expression decreased with the progress of reperfusion (*P*\<0.05). At the same time, membrane PKC-α protein expression significantly increased (*P*\<0.05), as shown in [Figure 5a](#fig5){ref-type="fig"}. With sevoflurane pretreatment, cytoplasm PKC-α significantly increased (*P*\<0.05) and membrane PKC-α protein expression significantly decreased (as shown in [Figure 5b](#fig5){ref-type="fig"}).

Discussion
==========

In this study, we investigated the effect of sevoflurane on lung tissue permeability in ischemia--reperfusion injury. The lung permeability index and *W*/*D* ratio are indicators of lung permeability to water and protein. When lung permeability increases, LPI and *W*/*D* ratio increase. In this study, we found that after ischemia--reperfusion, LPI and *W*/*D* ratio significantly increased and got worse with time, indicating that alveolar--capillary barrier function was impaired after ischemia--reperfusion and deteriorated as reperfusion persisted. Sevoflurane is an inhaled anesthetic commonly used in the clinic, and sevoflurane inhalation itself has no effect on lung tissue but it can alleviate lung injury caused by endotoxin. Suter *et al.*^[@bib11]^ found that sevoflurane pretreatment can reduce endotoxin-induced pulmonary edema and inflammatory cell infiltration. In this study, sevoflurane pretreatment reduced the extent of the LPI and W/D increases during reperfusion, suggesting that sevoflurane pretreatment can improve pulmonary vascular permeability after reperfusion and protect lung tissue from ischemia--reperfusion injury.

The alveolar--capillary barrier consists of endothelial cells, pneumocytes and basement membranes between two cells. It is a semipermeable membrane between pulmonary capillaries and the alveolar cavity, limiting the free movement of ions, fluid and a variety of large molecules. There are three main types of cell junctions: tight junctions, adhesions and gap junctions. Tight junctions, also known as occluding junctions, are located at the apical region of the cell membrane and form the closest contact between adjacent cells. They are the 'gateway\' that limits solute diffusion through intercellular spaces.^[@bib4]^

Occludin, a transmembrane protein, and ZO-1, a cytoplasmic protein, are the main components of tight junctions. Occludin is connected to ZO-1 through the former\'s C-terminal region, and ZO-1 is then connected to the actin cytoskeleton. Therefore, a signal transduction pathway is established between tight junctions and the cytoskeleton. Stimulating factors can induce cytoskeletal protein activation and then endothelial cell contraction, leading to increased gaps between cells and increased permeability.^[@bib12]^ The downregulation or redistribution of occludin and ZO-1 increases the permeability between endothelial cells and epithelial cells.^[@bib13],\ [@bib14]^ Kago *et al.*^[@bib13]^ found that in rat brain embolism, occludin and ZO-1 expression in endothelial cells decreased, resulting in increased permeability of the blood--brain barrier. Mark *et al.*^[@bib14]^ found that the downregulation or redistribution of occludin and ZO-1 in intestinal epithelial cells impaired the function of the intestinal epithelial barrier, causing malabsorption and diarrhea. However, it is not clear whether the regulation of occludin and ZO-1 is related to lung tissue permeability in ischemia--reperfusion injury.

Our data showed that in ischemia--reperfusion injury, lung tissue permeability increased, and occludin and ZO-1 expression decreased, reaching their lowest levels at 120-min reperfusion. These findings indicate that tight junction protein expression is significantly inhibited by ischemia--reperfusion. Transmission electron microscopy revealed disruptions and loosening of tight junctions between the epithelial cells of lung tissues following ischemia/reperfusion, which was most apparent at 120-min post reperfusion. The downregulation of occludin and ZO-1 correlated with the degree of injury to the tight junctions. The changes in occludin and ZO-1 expression in lung tissue correlates to the change in lung tissue permeability, suggesting that structural abnormalities of tight junctions result in alveolar--capillary barrier damage. This is consistent with the findings by Kago *et al.*^[@bib13]^ and Mark *et al.*^[@bib14]^. Sevoflurane pretreatment increased the expression of occludin and ZO-1 that was depressed by ischemia/reperfusion and improved the integrity of tight junctions and the permeability of the lung tissues under transmission electron microscopy. These findings indicate that sevoflurane may exert the above actions by causing the upregulation of occludin and ZO-1. Sevoflurane can preserve alveolar--capillary barrier function by maintaining integrity of cell junctions. However, it is still not clear why sevoflurane can promote occludin and ZO-1 expression.

To further elucidate the mechanism by which sevoflurane protects lung tissue permeability, we examined the expression of PKC-α. PKC-α can trigger cytoskeletal protein contraction in endothelial cells.^[@bib15],\ [@bib16]^ PKC-α activation has an important role in maintaining endothelial permeability. There are tyrosine and serine/threonine phosphorylation sites at the cytoplasmic end of occludin. Activated PKC-α can bind to those sites and lead to occludin phosphorylation, promoting occludin binding to ZO-1 and then inducing cytoskeletal protein contraction and increasing permeability. PKC-α belongs to the serine/threonine protein kinase family and remains inactive without stimulation. Once activated, PKC-α shifts from the cytoplasm to the cell membrane or cytoskeleton. This translocation is an important indication of PKC-α activation. In different tissues, there are different isoforms of PKC, PKC-α being the major isoform in endothelial cells.^[@bib17]^ In this study, we found that PKC-α translocation and activation occurred after ischemia--reperfusion injury and correlated to the change in lung tissue permeability. The protective effect of sevoflurane pretreatment on lung tissue permeability was related to PKC-α translocation and activation. Moreover, we found that with increased PKC-α translocation and activation, lung tissue occludin and ZO-1 expression decreased after reperfusion. However, it is not clear whether tight junctions are related to PKC-α translocation and activation.

In this study, we also examined the change in SpO~2~ during ischemia--reperfusion injury. SpO~2~ significantly decreased after ischemia--reperfusion, and this change was related to increased lung tissue permeability, which results in pulmonary interstitial edema, exudate accumulation in alveolar space and impaired ventilation/perfusion. SpO~2~ slightly increased after sevoflurane pretreatment, but the change was not statistically significant. Although sevoflurane had a protective effect on lung tissue after reperfusion, it did not improve SpO~2~. This may have been due to a shorter period of sevoflurane pretreatment or low sevoflurane concentration.

How the expression of occludin and ZO-1 is modulated remains unclear. PKC-α^[@bib18],\ [@bib19]^ and inflammatory factors^[@bib20]^ may modulate occludin and ZO-1 expression by acting on the phosphorylation sites of occludin. The current study did not address how sevoflurane modulated occludin and ZO-1 expression via PKC-α and inflammatory factors, which nevertheless remains an important issue and will be addressed in future studies in our laboratory.

In summary, our findings indicate that sevoflurane reduced lung tissue permeability and had a protective effect on lung tissue after ischemia--reperfusion injury. The protective effect of sevoflurane is related to its upregulation of occludin and ZO-1, and inhibition of PKC-α translocation and activation. This study may help in choosing anesthetics and protecting lung function from further damage after ischemia--reperfusion injury.
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![Effect of sevoflurane pretreatment on the vascular permeability of lung tissues after ischemia/reperfusion (I/R). The control group (group C) underwent sham operation. The ischemia--reperfusion group (group IR) underwent left hilum occlusion for 45 min followed by perfusion. The sevoflurane group (group sev-C) underwent sham operation and received sevoflurane for 30 min. The sevoflurane/ischemia--reperfusion group (group sev-IR) underwent the same procedure as group IR but was pretreated with sevoflurane for 30 min. The wet-to-dry (W/D) ratio (**a**) and the lung permeability index (**b**) were determined as detailed in the Methods section. The data shown are the mean±s.e.m. of at least three independent experiments (*n*=6 in each group). \**P*\<0.05 vs group C and group sev-C; ^**\#**^*P*\<0.05 vs group IR.](emm201527f1){#fig1}

![Sevoflurane pretreatment increases occludin and ZO-1 mRNA levels after ischemia/reperfusion. The animals were treated as in [Figure 1](#fig1){ref-type="fig"}, and the mRNA transcript levels of occludin (**a**) and ZO-1 (**b**) were determined by RT-PCR. The data are presented as the mean±s.d. of at least three independent experiments (*n*=6 in each group). \**P*\<0.05 vs group C and group sev-C at reperfusion 60 min; ![](emm201527i1.jpg)*P*\<0.05 vs group C and group sev-C at 120-min reperfusion; ^\#^*P*\<0.05 vs group IR at 60- and 120-min reperfusion.](emm201527f2){#fig2}

![Sevoflurane pretreatment increases occludin and ZO-1 protein expression after ischemia--reperfusion. The animals were treated as in [Figure 1](#fig1){ref-type="fig"}, and the protein levels of occludin (**a**) and ZO-1 (**b**) were determined by Western blot. Occludin and ZO-1 expression was normalized against β-actin and is expressed as fold increase compared with group C (set as 1) (**c**) and (**d**). Representative Western blots are shown in **a** and **b**. The data are presented as the mean±s.d. of at least three independent experiments (*n*=6 in each group); \**P*\<0.05 vs group C and group sev-C at 60-min reperfusion; ![](emm201527i2.jpg)*P*\<0.05 vs group C and group sev-C at 120-min reperfusion; ^**\#**^*P*\<0.05 vs group IR at 60 and 120-min reperfusion.](emm201527f3){#fig3}

![Localization and expression of occludin and ZO-1 in lung tissues following ischemia/reperfusion. The animals were treated as in [Figure 1](#fig1){ref-type="fig"}, and the localization and expression of occludin (**a**) and ZO-1 (**b**) were determined by immunohistochemistry. (**a**) and (**b**) Upper left panel: control; upper right panel: IR for 120 min; lower left panel: sev-C for 120 min; lower right panel: sev--IR for 120 min. (**c**) Densitometric analysis of occludin in **a**. (**d**) ZO-1 expression in **b**. The data in **c** and **d** are presented as the mean±s.d. of at least three independent experiments (*n*=6 in each group). \**P*\<0.05 vs group C and group sev-C at 60-min reperfusion; ![](emm201527i3.jpg)*P*\<0.05 vs group C and group sev-C at 120-min reperfusion; ^**\#**^*P*\<0.05 vs group IR at 60 and 120-min reperfusion.](emm201527f4){#fig4}

![Sevoflurane inhibits PKC-α translocation after reperfusion. The animals were treated as in [Figure 1](#fig1){ref-type="fig"}. Lung tissues were homogenized, and PKC-α was measured by Western blot in the membrane fraction (**a**) and cytosolic fraction (**b**). Bands were quantified by densitometry. The data shown are the mean±s.d. of at least three independent experiments (*n*=6 in each group). \**P*\<0.05 vs group C and group sev-C at 60-min reperfusion; ![](emm201527i4.jpg)*P*\<0.05 vs group C and group sev-C at 120-min reperfusion; ^**\#**^*P*\<0.05 vs group IR at 60 and 120-min reperfusion.](emm201527f5){#fig5}
